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OUTLINE 
1. Introduction – High-temperature microwave processing 
2. Ultra-rapid / flash microwave sintering of oxide ceramic materials 
    ■ Experimental results: (Yb0.05Y0.85La0.1)2O3, MgAl2O4, Al2O3, hydroxyapatite, YSZ  
    ■ Discussion of the mechanism of rapid densification under volumetric heating 
3. Ultra-rapid microwave sintering of powder metals 
    ■ Modeling of microwave resonant sintering of powder metals 
    ■ Role of electrical connectivity between metal particles 
4. Summary and conclusions 
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24 GHz / 5…10 kW  
GYROTRON SYSTEMS 
FOR HIGH-TEMPERATURE MICROWAVE PROCESSING OF MATERIALS 
• Maximum power 5…10 kW at a frequency of 24 GHz 
• Power regulated continuously from 0 to max 
• Workchamber volume ~ 0.1 m3 
• Operating pressure (10-5 ÷ 2) atm 
• Multi-channel temperature measurement with accuracy of 
±0.2% at T ~ 2000 °C and time resolution ≤ 0.1 s 
• Computerized process control system 












Regimes of microwave heating The heating process 
Fixed (preset) microwave power  Uncontrolled fast temperature rise, stop at Tmax 
Feedback-regulated microwave power  Heating at a constant (preset) rate, stop at Tmax 
Feedback loop for process control  





Under volumetric heating, the growing dependence of the material’s effective conductivity on 
temperature can lead to the development of thermal instability (also known as thermal runaway) 










Temperature ,c global instability 



















V.E. Semenov and N.A. Zharova, in 
Advances in Microwave and Radio 
Frequency Processing, edited by M. Willert-
Porada. Springer, 2006, p. 482 – 490]  
(impossible to control via 
surface temperature)  
 2~s
 pc
s  is characteristic temperature equalization 
time due to thermal conduction, 
,  where 
is thermal diffusivity, 

is characteristic dimension; 
“s” refers to the sample, and “ins” - to 
thermal insulation. 

is thermal conductivity, 
(possible to control via 






 ~ – characteristic heating time,  
[Yu.V. Bykov, K.I. Rybakov, V.E. Semenov,  
J. Phys. D: Appl. Phys. 34 (2001), R55 – R75; 
w  is power density of the volumetric heat 
source, 
– parameter characterizing the growth of the 
volumetrically deposited power with temperature 
– estimated critical value of  β 
A similar instability develops during flash sintering in dc electric field 
due to Joule volumetric heating by the current passing through the 
material [See, e.g., R.I. Todd et al., J. Eur. Ceram. Soc. 35, 1865-1877 (2015)] 
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Nd:Y2O3 laser ceramics 
(Institute of Applied Physics and 
Institute of Electrophysics, 2007) 





















































t hold < 1 min 
ρ > 99.5 %  
t hold = 8 hours 













50  1500 240 1140 7.2 98.5 
100  1500 185 960 5.4 98.5 
100  1550 250  960 5.9 98.6 
150  1500 200 930 3.8 98.5 
200  1500 180 930 2.85 97.2 
(dT/dt)+ 
(dT/dt)- 
ULTRA-RAPID MICROWAVE SINTERING OF (Yb0.05Y0.85La0.1)2O3 
LASER CERAMICS IN THE REGULATED POWER MODE 
T = 1500 °C     
dT/dt  = 200 °C/min   
12 mm [Yu. Bykov et al., “Flash Microwave Sintering of Transparent Yb:(LaY)2O3 
Ceramics”, J. Am. Ceram. Soc., 98 [11], 3518–3524 (2015)]  


























































IN SITU DC CONDUCTIVITY MEASUREMENTS 
DURING MICROWAVE HEATING OF Yb:(LaY)2O3  
A low dc voltage of 1 V (stabilized) and a low current not exceeding 10 mA were used in order to 
make the Joule heating negligible. A sharp increase in the current and a deviation from the 
Arrhenius dependence of the conductivity take place at a temperature T* ≈ 1150 °C. It should be 
noted that the Arrhenius dependence of conductivity on temperature is typical of dielectrics in the 
solid state. The deviation from this dependence observed during microwave heating at high levels 
of the input power suggests that the phase state of the material is changed at the temperature T*, 
and a highly electrically conductive, (quasi-) liquid phase is formed in the sample. 
[Yu. Bykov et al., J. Phys.  
Conf. Series 1115, 042005 (2018)]  
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THERMAL INSTABILITY DURING ULTRA-RAPID MICROWAVE 
SINTERING OF Al2O3, Y2O3 
Initially the input power increases with 
temperature due to an increase in the 
thermal losses from the sample. Then 
the actual temperature begins to 
exceed the preset value. The power 
control system starts to reduce the 
input power in such a way that the 
sample continuеs to be heated at the 
preset heating rate. The reduction in 
the automatically controlled power, 
concurrent with the growth of both the 
temperature and the thermal losses, 
can only result from a sharp increase in 
the conductivity due to the development 
of thermal instability, causing an 
increase in the microwave power 







































In this example the temperature runaway occurred at T* ≈ 1400 °C and pabs ≈  
12 W/cm3; the sample was sintered to a density of above 95 % of the theoretical 
value in 11 minutes (from 900 °C to 1500 °C) without isothermal hold. 
[Yu. Bykov et al., J. Phys.  
Conf. Series 1115, 042005 (2018)]  
■ Similar observations were made in the experiments on ultra-rapid microwave sintering of Y2O3  
[Yu. Bykov et al., in Processing, Properties and Design of Advanced Ceramics and Composites (Ceramic 
Transactions, vol. 259), edited by G. Singh, A. Bhalla, M.M. Mahmoud et al. Wiley, 2016, pp. 233–242,  
DOI: 10.1002/9781119323303.ch20] 
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150 °C/min  








800 1000 1200 1400 1600 1800 
ρ /ρ th  , % 
Tmax , °C 
b) 
a) 
Pure (a) and Y-doped (b) samples 
heated at a rate of 100 °C/min 
• The relative density of the Y-doped samples 
exceeded 99 % at all heating rates at Tmax ≥ 1500 °C. 
•  For pure samples the relative density was about 
98 % at Tmax ≥ 1600 °C.  
• The density of Y-doped samples starts to exceed the 
density of pure samples at Tmax > 1400 °C. 
• The relative densities of doped and pure samples 
sintered conventionally in the similar regimes with Tmax 
= 1500°C were only 92.2 and 89.1%, respectively. 
[Yu. Bykov et al., “Ultra-rapid microwave sintering of 
pure and Y2O3-doped MgAl2O4”, J. Am. Ceram. Soc., 
102 [2], 559-568 (2019)]  
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MgAl2O4 – MICROSTRUCTURE 
Microstructure of unpolished surfaces of Y-doped MgAl2O4 samples 
At higher temperature, 
Tmax ≥ 1600 °C, intense 
abnormal grain growth 
(AGG) takes place, much 
more pronounced in the 
Y-doped samples. A clear 
indication of AGG is the 
bimodal grain size 
distribution. It is well 
known that AGG is 
typical for liquid phase 
sintering.  
Tmax = 1500 °C Tmax = 1780 °C 
Microstructure of polished surfaces of Y-doped MgAl2O4 samples 
sintered at Tmax = 1780°C. Y-rich areas are white. 
Traces of grain growth 
are clearly observed as 
Y-free regions along 
grain boundaries and 
around grains cores.  





















1 800 1780 0 96 4 - 
2 100 1780 0 99.4 ~ 25 14.0 
3 50 1780 0 99.8 ~ 35 12.8 
4 50 1780 10 99.9 - 13.8 
5 20 1750 10 99.6 ~ 45 13.1 
6 10 1780 60 99.9 ~ 70-80 11.6 
• Note the grain size dependence on the heating rate 
• Microhardness improves for finer grain sizes 
Density, grain size and microhardness of MgAl2O4 ceramics obtained in high-temperature 
microwave heating processes with different heating rates, with or without isothermal hold  
 
Photographs of MgAl2O4 spinel samples obtained by rapid microwave sintering 
PROPERTIES OF MgAl2O4 SAMPLES OBTAINED VIA 
AN ULTRA-RAPID MICROWAVE SINTERING PROCESS 
 
[Yu.V. Bykov, S.V. Egorov, A.G. Eremeev et al., J. Am. Ceram. Soc., 102 [2], 559-568 (2019)]  
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DIELECTRIC PROPERTIES OF MgAl2O4 SAMPLES OBTAINED 
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Sample A  
 B  
 C  
 D 
spectrometry based on 
 open high-Q  
 Fabry—Perot resonator  
 terahertz time-domain  
spectroscopy (THz-TDS) 
1 2 3 0.1 0.2 0.3 
99.6% Al2O3 
A: MW, 1750 °C, pure MgAl2O4, ρ = 99.2 % 
B: MW, +1 % Y2O3, ρ = 98.7 % 
C: MW, +1 % Y2O3, hold 40 min, ρ = 97.0 %  
D: HP, 1600 °C, 6 hr, 35 Mpa, +0.5%LiF, ρ = 99.9 %   
The spinel is characterized by high ratio  f / tan δ = 
320000 GHz at 296 GHz and a relatively low temperature 
coefficient of the resonance frequency, τf = −85 · 10
−6 °C-1 
Sub-THz dielectric properties 
measured at elevated temperature 
Terahertz dielectric properties 








50 100 150 200 250 
Temperature [oC] 
Resonance frequency, GHz [S.V. Egorov et al., 
Radiophysics and Quantum 
Electronics, 59, 690-697 (2017)] 
[S.V. Egorov et al., Journal of 
Infrared, Millimeter, and Terahertz 
Waves, accepted (2019), DOI: 
10.1007/s10762-019-00582-4] 
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99.5% pure porous Al2O3 
■ An optical registration system has been developed for in-situ observation of shrinkage during ultra-rapid 
microwave sintering 
■ The main components of the system are a digital monochrome camera with enhanced sensitivity in the near 
infrared range and an optical lens for high-resolution observation of the sample undergoing sintering 
■ The optical output unit includes a vacuum proof window  filled with flowing distilled water to suppress the 
microwave radiation, and an infrared light filter. The unit is adjustable in axial and transverse directions 
■ Coaxial ring illumination is used to visualize the cold sample before and after microwave sintering  
■ Issue: the opening in the thermal insulation arrangement gives rise to an increase in the required power and 
to an inhomogeneous temperature distribution  
SYSTEM FOR OPTICAL REGISTRATION OF SHRINKAGE 
workchamber wall 
lens 
vacuum proof window  
IR camera 
Pt+30%Rh / Pt+6%Rh Optical dilatometry in microwave sintering: 
D. Zymelka, S. Saunier, D. Goeuriot,  
J. Molimard, Ceram. Int. 39, 3269 (2013); 
J. Croquesel, D. Bouvard, J.-M. Chaix  
et al., Materials and Design 88, 98 (2015)  
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water-filled window  
coaxial ring illuminator 
with fiber optic 
connection to the 
halogen light source 
DCR III (150 W) 
zoom lens VSZ-0745 
with front converter 
lens VSZ-0.3X 
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DENSIFICATION CURVE AND SHRINKAGE RATE 
DERIVED FROM OPTICAL MEASUREMENTS 
■ Al2O3 + 0.05 wt. % MgO (AES-11C, 
Sumitomo Chemical Co. Ltd, Japan)  
■ average particle size 0.45 µm  
■ pressed into discs 10 mm in diameter 
and 2.5 mm in thickness  


























































































































[S.V. Egorov et.al., Proc. Int. Conf. 
“Synthesis and Consolidation of 
Powder Materials”, 2018, p. 277-282. 
DOI: 10.30826/SCPM2018060]  
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    TEMPERATURE DISTRIBUTIONS  






























across the sample averaged 







-6 -4 -2 0 2 4 6 
X position, mm 
Temperature, °C 
484 pc 
Example of a temperature 
distribution derived from 
brightness data 
Hydroxyapatite 
[work in progress]  
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    TEMPERATURE DISTRIBUTIONS  
    DERIVED FROM OPTICAL MEASUREMENTS 











-1 -0.5 0 0.5 1 













0 0.2 0.4 0.6 0.8 1 
Relative radial position 
Temperature, °C 
Examples of temperature 
distributions derived from 
brightness data 
Temperature distributions 
across the sample averaged 
over different angular 
























































The decrease in the input power in the 
feedback-regulated mode means a 
sharp increase in the conductivity σ. 
Note: similar effect observed in dc flash sintering 
[R. Raj, J. Eur. Ceram. Soc., 32, 2293–2301 (2012)] 
MICROWAVE ULTRA-RAPID SINTERING: DISCUSSION 
Microwave power absorbed per unit 
volume of the sample can be derived 
from heating & cooling rates: 
On the other hand, 
E2 is related to the input power: 
, where 
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MECHANISM OF FLASH SINTERING 
UNDER VOLUMETRIC HEATING 
volumetric heating creates a 
non-uniform temperature 
distribution with the core of the 
sample being the hottest 
droplets of liquid phase 
begin to form at particle 
surfaces 
liquid phase surrounds particles, 
the particle shape becomes 
rounded, particles rotate and slide 
relative to each other 
after rapid local densification 
liquid phase is squeezed from 
the core region towards the 
periphery of the sample 
the region of maximum power 
absorption propagates along with 
the liquid phase due to its 
elevated effective conductivity 
the propagation of the densification 
front results in achieving full density 
throughout the sample with a 
concurrent grain growth 
[Yu. Bykov et al., Materials 9, 684 (2016); 
 Yu.Bykov et al., Technical Physics 63, 391 (2018)] 
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[R. Roy. D. Agrawal, J. Cheng, 
S. Gedevanishvili, “Full sintering 
of powdered-metal bodies in a 
microwave field”, Nature, 399, 
668 (1999)] 
Microwave sintered metal parts [http://www.azom.com] 
Ni  - Al2O3 Mo – ZrO2  
[Yu. V. Bykov et al., “Fabrication of metal-ceramic functionally graded materials by microwave 
sintering”, Inorganic Materials: Applied Research, 3, 261-269 (2012)] 
Ni  - Al2O3 - Ni 
ULTRA-RAPID MICROWAVE SINTERING OF POWDER METALS 
Microwave sintering of powder metals attracts broad research interest 
over the last decades 
Conductivity of metals decreases with temperature → no thermal instability 
 
However, rapid microwave heating is possible due to resonance effects 
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MODEL OF MICROWAVE SINTERING OF A  SPHERICAL  
METAL POWDER COMPACT IN A PLANE ELECTROMAGNETIC WAVE 
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►Power absorbed in a sphere: 
► Energy balance: 
    (temperature evolution) 
[G. Mie, 1908]  
                           - refraction index; 
 
ε eff and µ eff of the metal powder  
are determined using the non-static 

























[H. Su and D. L. Johnson, J. Am. Ceram. Soc. 79 (1996) 3211] 
► Dilatation: 3 00  RR
K.I. Rybakov and M.N. Buyanova, 
Scripta Mater. 149, 108–111 (2018) 
[K.I. Rybakov and V. E. Semenov, IEEE Trans. on 
Microwave Theory and Tech., 65, 1479 (2017);  
I.I. Volkovskaya, V.E. Semenov, K.I. Rybakov, 
Radiophys. Quantum Electronics, 60, 797 (2018)]  
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ε, µ = 1 
ε, µ = 1 













Comparison of µ eff obtained within wave-EMA (solid lines) with full-scale electromagnetic modeling of an 
array of copper spheres [T. Galek et al., Modelling Simul. Mater. Sci. Eng. 18 (2010) 025015, dashed lines] 








eff   >> eff  





Silicon at 1000 C:  = 12 + i 9400 
Silicon oxide:  = 4 
Relative concentration of solid: C = 0.6 
a = 10 µm, 
t = 100 nm, 
Cs = 1 
            non-static EMA 
            quasi-static EMA 
f = 2.45 GHz 





Re ε ≈ 1600,       
tg δe ~ 10
-4 ... 10-3 






ε, µ = 1 
ε, µ = 1 
ε, µ = 1 
Effective medium approximations (EMA) for 
effective permittivity and permeability based on 
full-wave (non-static) electrodynamic solutions 
εeff, µeff 
K.I. Rybakov, I.I. Volkovskaya, 
Ceram. Int., 45, 9567 (2019) 
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MODELING OF RAPID MICROWAVE SINTERING 
OF SPHERICAL METAL POWDER COMPACTS 
Ni, R0 = 1 cm, ρ0 = 0.5, fixed intensity of microwave radiation 
 





    TTk ,,2 effeff0 
Ni, a = 1 µm, d = 2.5 nm, f = 2.45 GHz 
     The absorbed microwave power exhibits resonant peaks when 
the ratio of the diameter of the compact to half the wavelength in the 
material approaches an integer number.  
     The diameter of the compact, 2R, decreases due to densification,  
and at the same time the value of the wavelength in the powder 
material, λ, changes due to the variation of εeff and µeff with 
temperature and density.   
 
     Resonance effects during microwave heating of metal powder 
compacts have recently been observed experimentally [C. Maniere, 
G. Lee, T. Zahrah, E.A. Olevsky, Acta Mater. 147, 24-34 (2018)]. The 
resonance involved the sample, cavity and susceptor elements.   
During sintering the wavelength in the powder 
compact considered in the above example 
changed gradually from 3.53 to 1.77 mm, 
while the radius decreased from 1 to 0.79 cm. 
K.I. Rybakov and M.N. Buyanova, 
Scripta Mater. 149, 108–111 (2018) 
www.iapras.ru Institute of Applied Physics, Russian Academy of Sciences 
Ni, a=1 µm, d=2.5 nm, R0 = 1 cm, ρ0 = 0.5. 
Microwave intensity regulated automatically 
to implement 5 K/s to T = 1675 K  
MODELING OF MICROWAVE RESONANT SINTERING 
 




f = 24 GHz 
f = 2.45 GHz 
Ni, a=1 µm, d=2.5 nm, R0 = 2.75 cm, ρ0 = 0.5.  
The intensity of the incident microwave radiation is fixed at  
535 W/cm2. The absorbed power is normalized by the power 
flux through the great circle of the spherical compact. 
f = 2.45 GHz 
Multiple  resonances 
K.I. Rybakov and M.N. Buyanova,  
Scripta Mater. 149, 108–111 (2018) 
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VARIABLE-FREQUENCY RESONANT MICROWAVE SINTERING 
Simulated relative density, homologous temperature and the automatically regulated microwave frequency 
vs. time during microwave variable-frequency heating of a nickel powder compact. Radius of nickel 
particles 1µm, thickness of the oxide layer on particles 2.5 nm. (a) Frequency range 5.3 – 5.8 GHz, initial 
radius of compact 1 cm, intensity of the incident microwave radiation 306 W/cm2; (b) frequency range  
2.37 – 2.47 GHz, initial radius of compact 5 cm, intensity of the incident microwave radiation 299 W/cm2. 
Automatic regulation of frequency: 
-  based on dilatation and temperature data making use of effective properties and 
densification models; 
-  based on microwave reflection / absorption data; 
-  can be combined with automatic regulation of power. 
Th = T / Tm, Tm Ni = 1726 K 
K.I. Rybakov and M.N. Buyanova,  
Scripta Mater. 149, 108–111 (2018) 
(a) (b) 
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EFFECT OF CONDUCTIVE BOUNDARY LAYERS ON METAL PARTICLES 
(a) Ratio of the interparticle boundary losses to the total microwave losses vs. 
temperature during the microwave sintering process of a slab of nickel powder; 
(b) Total absorbed microwave power in a slab of nickel powder vs. boundary layer 
conductivity. Powder particle radius 1 µm, thickness of the boundary layers on the 
particles 1 nm. The intensity of the incident electromagnetic wave 849 W/cm2 





































σi = 0.001 S/m 
σi = 0.01 S/m 
σi = 0.1 S/m 
Partial connectivity between metal particles may exist for a number of reasons (point contacts between 
rough particle surfaces, disrupted native oxide films, possible spark discharge between the particles, etc.). 
By introducing the boundary layer conductivity the additional energy losses caused by these phenomena 








































   
[K.I. Rybakov, I.I. Volkovskaya, Ceram. Int., 45, 9567 (2019)] 
The boundary layer conductivity σi 
can be related to the measurable 
macroscopic conductivity σmacro as 
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■ Ultra-rapid microwave sintering of various oxide powder materials with the duration of the high-
temperature stage on the order of or less than 1 minute, has been demonstrated. 
■ The observed rapid sintering effect is associated with a thermal instability, exhibiting sharp 
increase in the effective conductivity of the material and modification of the grain boundary structure 
with transient liquid phase formation.  
■ The estimated deposited power of microwave heating, per unit volume, is on the same order of 
magnitude as the power measured in the dc field-assisted flash sintering experiments.  
■ An optical registration system has been developed for in-situ measurement of shrinkage and 
temperature distribution during ultra-rapid microwave sintering. 
■ The shrinkage curves obtained for alumina exhibit an increase in the dilatation rate at the thermal 
instability onset, indicating a transition to a different sintering mechanism. 
■ Ultra-rapid microwave sintering of metal powder compacts is possible due to resonance effects. 
Fast automatic control over the microwave power and/or frequency is necessary to ensure rapid 
densification and compensate for the instabilities. 
SUMMARY AND CONCLUSIONS 
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